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Recently, graphene, with its unique dispersionless and broadband band structure, provides an alternative platform for condensed matter physics and nanoscale devices including electronic, thermal, mechanical, and photonic applications. In the optical domain, exciting graphene enhanced applications include ultrafast mode-locking, modulators, detectors, photovoltaics, and optical frequency conversion. [1] [2] [3] [4] [5] [6] Frequency conversion based on four-wave mixing (FWM) in mesoscopic devices has been examined in silicon nanowires and photonic crystal waveguides (PhCWGs). [7] [8] [9] [10] In the communications (C) band, the bulk Kerr coefficient n 2 of silicon ($4 Â 10 À18 m 2 /W) can achieve enhanced four-wave mixing with engineered phase-matching, long waveguides, and/or slow group velocity interactions in engineered PhCWGs. [11] [12] [13] [14] [15] Graphene has even larger thirdorder nonlinearity susceptibility, a few orders of magnitude larger than bulk silicon and other semiconductors, with a corresponding Kerr coefficient $10 À13 m 2 /W. FWM is observed in graphene recently, 4, [16] [17] [18] such as with microcavities and detuning within the cavity linewidth. 4 With the wider bandwidth waveguide implementation, here, we show the experimental observations of FWM in graphene-photonic crystal waveguides. Our measurements demonstrated up to a 17 nm (3-dB) conversion bandwidth in the slow-light region and 2D efficiency maps of the graphene-silicon idler conversion with a maximum À23 dB conversion efficiency, matching well with our theoretical modeling.
Inset of Fig. 1(a) shows the scanning electron micrograph (SEM) of the air-bridged silicon photonic crystal nanomembrane of 250 nm thickness and with monolayer graphene transferred on the top surface. The PhCWG consists of a missing row of holes in a W1 configuration with dispersion examined earlier, 19 fabricated by deep-ultraviolet optical lithography and with an effective cross-sectional model area (A eff ) about 0.55 lm 2 . In our measurements here, the PhCWG total length is 200 lm. The monolayer graphene is grown by chemical vapor deposition (CVD) and wettransferred onto the W1 PhCWG. 20, 21 The central PhCWG area is covered by large-area monolayer graphene for evanescent-field graphene interaction. Raman spectroscopy is used to identify the single-layer graphene, with five selected Raman spectra shown in Fig. 1(a) . Excited by a 532 nm wavelength laser, most of the graphene area has a G peak fullwidth half-maximum (FWHM) about 20 cm
À1
, a 2D peak FWHM about 38 cm
, and a 2D-to-G peak intensity ratio ($2). This indicates the PhCWG is covered by uniform monolayer graphene. 22, 23 The transmission of the chip is tested by a tunable laser (Ando AQ4321A) scanning from 1510 nm to 1555 nm, as shown in Fig. 1(b) . The transmission before (red solid line) and after (blue solid line) transferred with graphene are presented. The group index of graphenePhCWG is measured by the phase-delay method (green dots) and fitted by black line. 12 This transferred graphene layer has an intrinsic absorption of $0.05 dB/lm (or about 10 dB) for this sample, at 1510 nm and far from the slowlight band edge. Fig. 2(a) shows the experimental setup used to achieve the degenerate FWM in the graphene-PhCWG. Two continuous-wave tunable lasers are amplified by two erbiumdoped fiber amplifiers (EDFA; IPG EDA-3K-C, and Amonis AEDFA-PA-35-B-FA), serving as the pump and signal sources, respectively. A 50:50 optical fiber coupler combines the pump and signal prior to coupling into the graphene-PhCWG sample with a lensed fiber coupler. The coupling loss is about 4 dB, for a maximum pump power coupled into the waveguide of about 17 dBm. Another lensed fiber is placed after the waveguide to collect the output into an optical spectrum analyzer (OSA; Advantest Q8384). This all-fiber system is very robust. Before we mount the chips, the fiber to fiber transmission measurement is taken to observe the loop transmission as the background transmission in order to To avoid the amplified pump and signal transmission submerging the output idler laser spectrum, the pump and signal wavelength are kept at 500 pm detuning. In this example, the pump wavelength is at $1540 nm. We consider the G idler ¼ P output idler =P output signal by taking the ratio of idler output power and signal output power. This definition can cancel differences caused by any residual fluctuation of the coupling condition. To ensure the FWM is not generated in the auxiliary fibers, the optical spectra before the graphene-PhCWG sample is checked by the OSA and there is negligible idler generated. In addition, for our measurements, we tune the signal laser to TM-polarization which provides more evanescent light interaction with graphene, resulting higher conversion efficiency. The conversion efficiency in graphene-PhCWG is about À23 dB compared to the monolithic silicon-only PhCWG control sample at about À31 dB.
The FWM conversion efficiency, G idler , in the graphenePhCWG device is described by 11, 12 
where a* is group index dependent propagation loss of the idler, L is the waveguide length, P p is the effective average pump power (modified by loss a* along the waveguide length L), and c* graphene-silicon is the group index dependent nonlinear parameter of the graphene-silicon hybrid, c* graphene
12 Here, A eff is a wavelength-dependent term, with larger cross-section at the slow-light region.
19,24 n 2 is the overall graphene-silicon Kerr coefficient weighted by the Efields, 4, 25 and is computed to be $7.7 Â 10 À17 m 2 /W. Here, g is the parametric gain, described as 11, 12 g ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
where DK L % ðDxÞ 2 b 2 ðk pump Þ þ ðDxÞ 4 b 4 ðk pump Þ=12 and DK NL ¼ 2c Ã grapheneÀsilicon P p is the linear and nonlinear phase mismatching, respectively. Dx ¼ jx pump À x signal j, the second and fourth order dispersion parameters (b 2 (k) and b 4 (k)) can be numerically calculated from the experimental dispersion curve of the device. 11 With the large c* graphene-silicon (and n 2 ) and high group index, when we pump at 1540.0 nm and probe at 1540.5 nm, with a simulated FWM conversion efficiency G idler of $À40 dB matches the experimental result in Fig. 3(a) .
The complete experimental and modeled FWM conversion efficiency maps are shown in Figs. 3(a) and 3(b) . Different pump wavelengths, with their group indices dependence, and signal detunings are illustrated. In the measurements, the pump wavelength is tuned from 1534.5 nm to 1540 nm with 500 pm step-sizes and the signal is detuned from the pump between À4 nm and þ4 nm with 200 pm step-sizes. The signal-pump detuning is defined as (k signal À k pump ). The pump and signal powers are kept constant in our measurements at $9 dBm. The input power is slightly decreased to avoid the device damage caused by intensity fluctuations when detuning the wavelength. The simulations are modeled in the same optical spectra as the measurements. Both experiments and simulations show that, for each pump wavelength examined (between 1534.5 nm and 1540.0 nm), the conversion efficiency increases as the signal wavelength is red detuned. As noted in Eq. (1) and previous studies, 11, 12 the highest conversion efficiency region should be when the signal is detuned for optimal phase matching region and when the group velocity is slowed for increased light-matter interaction. Our measurements and modeling results show an asymmetry in the FWM conversion efficiency because the Graphene-PhCWG chip has an increased propagation loss for the signal or idler light at the mode cutoff (towards the longer wavelengths). For a more clear comparison of the FWM conversion efficiency difference between GraphenePhCWG and monolithic silicon PhCWG, the pump wavelength is fixed at 1540 nm and the signal is detuned from À3 nm to þ3 nm, as shown in Fig. 3(c) . When the signal detunes from À1 nm to þ1 nm, the FWM conversion efficiency is 3 dB to 6 dB enhanced by graphene. For long detuning wavelength, the conversion efficiency is increased and for short detuning wavelength the conversion efficiency is decreased equal to that in silicon because of the increased loss towards longer wavelengths. Moving into the longer wavelength slow-light region for the pump, the FWM conversion efficiency is somewhat constant due to the tradeoff between the slow-light enhancement and the higher graphene loss in this region. The conversion efficiency of FWM in graphene-PhCWG and PhCWG when the signal detuning is fixed at À0.2 nm and the pump wavelength is tuned from 1536 nm to 1540 nm, as illustrated in Fig. 3(d) . Each data point show that the FWM conversion efficiency is about 4 dB enhanced by graphene compared to monolithic silicon-only PhCWG. We note that, with our continuous-wave pump-signal lasers and at our $17 dBm coupled-in chip powers, the nonlinear absorption and nonlinear losses are not significant since, when we increased the pump power, the conversion efficiency increased linearly instead of decreasing, as shown in Fig. 4(a) . Simulated results of conversion efficiency vs. waveguide length are shown in the inset of Fig. 4(a) . The black line shows the FWM conversion efficiency in silicon, which becomes constant when the waveguide length is over 600 lm. The relationships between conversion efficiency of FWM in graphene-PhCWG and waveguide length are indicated by the red curve (graphene absorption 0.05 dB/lm) and blue curve (graphene absorption 0.06 dB/lm). The conversion efficiency increases fast with waveguide length because of the high n 2 . And then it drops very fast because the FWM is limited by the high absorption from graphene when the waveguide length increases. This result indicates the graphene-silicon hybrid structure can achieve higher conversion efficiency in a shorter device with the proper band gap engineering to decrease the absorption in graphene. Our further work will focus on this. Next, we investigate the 3-dB detuning bandwidth for different signal detunings and for different central pump wavelengths, as shown in Fig. 4(b) . We define the whole detuning range over which the idler output power is within 3-dB (61.5 dB) of the idler output power measured when the detuning range is þ500 pm. (We did not use a 3-dB from the peak FWM conversion efficiency because the FWM conversion efficiency continuously increases for longer wavelengths due to the increased signal and pump scattering loss at the longer (slow-light) wavelengths.) When the signal is detuned to a shorter wavelength than the pump (negative detuning D and for smaller absolute values of D), there is a sharp decrease in the output idler intensity due to the higher loss in the signal intensity. This higher loss arises from both increased scattering loss in the slow-light region due to minute disorder in the PhC lattice and increased graphene linear absorption. When the signal is detuned to a longer wavelength than the pump (positive detuning D and for larger absolute values of D), the output idler intensity is somewhat constant due to relatively uniform transmission of the idler in the normal group velocity region-this gives rise to the large FWM bandwidth of 17 nm (at 1534 nm pump). This bandwidth is several times larger than in monolithic silicon PhCWGs. Within this %17 nm bandwidth, there are local spectral fluctuations due to nonlinear phase-matching.
In this work, we demonstrate the enhanced FWM generation in silicon photonic crystal waveguides with monolayer graphene, in which a À23 dB conversion efficiency and a 17 nm 3-dB detuning bandwidth are observed. We experimentally and numerically analyze the effects of graphene enhanced nonlinear coefficients, linear losses, the graphenePhCWG group indices, and waveguide length on the conversion efficiency. The FWM conversion efficiency can be further improved through engineering and reducing the linear absorption of graphene, for all-optical signal processing in next-generation communication modules.
